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« Spinironics
o Motivation
o Overview

 Magnetic Tunnel Junction (MT)J)
o Theory
o Research status
o Reading and Writing MTJs
o Switching energy
o Simulation model

* Results for on-chip routers components

o Buffers
o Crossbars
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Spintronics
& MT]

Magnetic Tunnel Junction



Spintronics ?
CAgenda  Spinonics 3G S On-chip Buffer > On-chip Crossbar > Conclusion \
* Motivations:

o CMOS drawbacks
 Static current
* High dynamic current

o Routers become essentials
« Power consuming

A new

technology
is required

« Spintronics:
o Tunneling effect . ;
o Spin and magnetic moment of the electron vs charge
o Potential applications : Memory, Logic elements, ...
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Magnetic Tunnel Junction (MT])

Agenda Spintronics On-chip Buffer ) On-chip Crossbar ) Conclusion

« Sandwich structure:

o Ferromagnetic/Insulator/Ferromagnetic
« 2 States:

o 2 Resistances (H|gh & Low)
* Main parameter:

o Tunnel Magnetoresistance Ratio (TMR)
R,» — RP

RP
* Voltage dependency on the

resistance values

TMR =

Set ll1ll

Resistance change MR [%]

T ll1ll
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MTIJ Crossing voltage [mV]
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Agenda Spintronics On-chip Buffer

MT]: State of the Art

) On-chip Crossbar

) Conclusion

Amorphous Al-O barrier

‘ No symmetry ‘

TMR up to 600%

Material:

Fe(001) X.O.
e

o Amorphous AIO barrier Verious Bloch otatos

tunnel incoherently.

o MgO crystal barrier 600

Main parameters: ="
o Thickness of the free layer s
. o 200

o Thickness of the insulated layer
100

0

Crystalline MgO(001) barrier
‘ 4-fold symmetry ‘

Ay As
Fe(001) X.O

ooooo*e oﬂ:}l

*MgO(001) ,,.;.* %@.
00000 ooooo’c‘f.
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Fe(001)

Only the Bloch states with A,
symmetry tunnel dominantly.

A

MgO-barrier MTJs | |
O AlO-barrier MTJs
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Pros & Cons
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Advantages

o Good integration o Perturbations at high

o Good SCOIObiIiTY concentration rate

o Power failure safe (MRAM). . .

o Nio sietie @urFamr o High switching (write)
energy

o Power stand-by
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MT]J: Read circuitry
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Evaluation
request

* 2 implementations: l |
o 2 MTJs SIS VORI 5

Logic “0” :

o 1 MTJ & 1 reference resistor PRI
047 -4 Wy
02t N
VDD VDD = ;
T 1
jout_| Current | out /Out | Current | out
comparator comparator

g Data g /Data g Data gﬁref
i_ J_ 213n 214n

R,p+ Rp 1MT] + 1 2 MT]
2 MTI Desi =
esign  Rppp > Refe_rence Mixed 1IMT]J-1Resistor
Resistor
Design
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MT]J: Write (Sw1tch1ng) circuitry
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* Different switching methods:
o Spin-Torque Transfer (STT)
o Perpendicular magnetization

ISense

BL=0

O | «Or

“qr
High R (Rap)

ey
Low R (Rs)

Writing Current
(= Critical Current Jc.)

Writing Current
(> Critical Current Jc+)

Isolation
Transistor
(13 O N ”

(a) (b)
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Sw1tch1ng energy
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« 3types of switching: 10°

. . . — Ref. MT] IThennaIiI',:: .Fllql.ic_;tivated
o Precessional Switching 2 101 . Switching
— Precessiona 5
o Dynamic Reversal g | swiching 3
. X . > 100930 p1@ 10 ps 2,
o Thermally Activated Switching S 3
> 10% i
-'; 10t oINS spl@100ns
« 2011 resulis : @
i MEP: llpJ@B?ns

=
(=]

10° 10° 10 10’ 10°

Switching time & (v
Anti-parallel state to parallel state [JUR4]e o] WY 5T
Parallel state to Antiparallel state JUV/Ve] EERINGISTE:

Switching power at 500MHz:
o Actual: 125uW

o Actual CMOS: 8uW

o Expected: 0.1uW
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Simulation
models and results

When applied to On-Chip Routers components



MT] Model
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Q00000

Res value (Q)

« Simulation choices:
o Reading power only
o Total power = reading power

@ + wrifing power

700000

A00000

- Reading model: R RN I
. . ) Crossing voltage (V)
o Simple model : Variable resistance

o Corrected model: 1_1 1

R ¢ axexp(=b.V)

* Writing power computation:
o Extrapolated from 1fJ/switching
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On-chip router components

Agenda Spintronics

3 main partis:

o Arbiter
o Buffers
o Crossbar

Speed:

o 500MHz — 2GHz

Data width:

o Up to 128 bits

Kungliga Tekniska Hogskolan,
Stockholm, Sweden
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Buffer implementation
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I
o CMOS Flip-flops o e
 Classic flip-flop model - =
S oo
Clock#[ ]}3— [o‘[ ]P Clock
o o /Out Out
o MTJ reader circuitry

« Random Access Type P

« Only Tevaluation circuit/module ) %W

1 MTJ to store a each state
c3 *{ c2~{ cl*{ (:0*{ :]}»d)::| }» ci }»ci{]}» c3

/Clock ~{ Cground
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Buffer implementation

Agenda Spintronics MT] OV IS8 On-chip Crossbar » Conclusion
ol
o CMOS Flip-flops o e
 Classic flip-flop model - =
L
o MTJ reader circuitry
» Random Access Type Scof, / Sexi[ |
* Only lTevaluation circuit/module ??.:j
. 1 MTJ to store a each state E i
« Branch fransistor for depth>50 & ini

/Clock-| Cground
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Buffer implementation: Results

Agenda Spintronics MT]J O/ iR 30 (S ) On-chip Crossbar )Conclusion
1000 - .
- y g Full Power Consumption =
Swifching probability: 50% 12 Reading power + Switching power 408
Frequency: 250MHz 1@
Duty Cycle: 25% E 205
Switching energy (est.): 1fJ 7
100 - 50
Key depth =10 -
(over which the MTJ implementation -
is less power consuming) ——CMOS
10 79
-2-MT)
Power saving = up to -56%
(Trend for deep buffer
implementation, 56% of the CMOS Buffer size (bits)
power consumption is saved) 1 o o
1 10 100 1000
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Crossbar implementation

Spintronics On-chip Buffer On-chip Crossbar @it el

« CMOS implementation:

<
o
o

o Tri-state buffers

o CMOS Flip-flop for the conftrol bits
 MIJ implementation 1:

o Tri-state buffers

o MTJ reader for the confrol bits

Datag

EnableQ

/Enable —

In0

Inl
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Crossbar implementation

On-chip Buffer

Spintronics

« MTJ implementation 2:
o No CMOS tri-state buffer
o Logic-iIn-Memory device

On-chip Crossbar @it el

Clockc{ |:

[fOut

® CMOS Flip-flop: 0.6uW
® MIJreader: 2.27uW
@ Logic-In-Memory Mux: 2.5uW

Kungliga Tekniska Hogskolan,
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Conclusion

Spintronics On-chip Buffer On-chip Crossbar Conclusion

« Spintronics
o About electron’s spin, not charge
« MI1J switching methods
o Energy magnitude vs. Switching speed
 MI1J reader concepts
o Resistance value comparison
« Buffer M1J implementation
o Very scalable
o Power efficient
 Crossbar M1J Implementation
o Hardly scalable
o Not yet power efficient
« Extensions
o Router Arbiter with MTJ
o Scalable Logic-in-Memory Multiplexer structure (Crossbar)
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Questions

Spintronics On-chip Buffer On-chip Crossbar Conclusion

Thank you for your attention!

Any questions ?
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Annexes

Magnetic Tunnel Junction



Annex: MT] Reader DyCML

« DyCML:
o Dynamic Current Model Logic

VDD CCK]

. CCK: I
o Cross-Coupled Keeper Clockd|  |— d|  |pClock
JOut Out

e e

o Dynamic current source
EEMTJ §Rref

Clock# DCS

/Clockﬂ ——Cground
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Annex: Crossbar Logic-in-Memory

v(inb) MT 40 17(lin ; RN
wina) MT0 0.8] . A ,

-
'
'
'
'
'

wviwrite) MY 1

viclk) MTJRL

vid) MTJ_153m

TIME(=sec) (lin)
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1000

100

Power (uW)

Annex: Buffer impl. results

Total Power = Using (reading) power +

Switching probability : 50%
Frequency : 250MHz
Duty Cycle 1 25%

MT] switching energy (est.) : 11]

Switching power

408

205

/180

92,5

=o—P flip-flop

=P MT]J (group)

=P MT]

——

10 Size (in bits)
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Annex: Extensions

MTJ Arbiters
Switching energy enhancements
Resizing buffers more power efficiently

Scalable Logic-in-Memory Multiplexer
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